Abstract-The undergoing third-generation wireless network needs to support the integration of voice and multimedia data services with varying quality-of-service (QoS) requirements. It is critical that the least bit-error rate (BER) for voice traffic, World Wide Web (WWW) traffic, and streaming video traffic be guaranteed at all time. In this paper, we discussed the integration of soft handoff and dynamic spreading factor in wideband code-division multiple-access system in supporting multimedia traffic. The contribution of our work is twofold. First, the processing time of the handoff request is analyzed. We found that intensive mobile handoff might consume significant amount of access channel time and increase the delay of handoff. We, therefore, proposed a batch mechanism such that multiple handoff requests could be processed simultaneously. The average delay is reduced from 1.12 s to 800 ms at heavy handoff rate. Our second contribution is a new resource allocation algorithm, where the spreading factor and transmission power for the handoff mobiles are jointly considered to maximize the throughput. The BER requirements for the handoff mobiles and the target cell are maintained during the handoff process. The original problem is formulated into a nonlinear programming format. We proposed a procedure to simplify it into a linear constraint problem, which is solved by a revised simplex method. Numerical results show a 25% increase in throughput for WWW traffic and a 26% improvement for the video traffic.
I. INTRODUCTION

E
NCOURAGED by the success of second-generation (2G) cellular wireless network, researchers are now pushing the third-generation (3G) standard to support a seamless integration of multimedia data services, as well as voice service. However, multimedia data traffic is more demanding than voice service, both in data rate and maximum tolerated bit-error rate (BER). For example, streaming video requires a low BER, less than 10 and a moderate data rate (usually higher than 64 kb/s). The bottom-line is that the minimum BER and data rate requirements for all admitted connections must be satisfied at any time. Otherwise, the system will not guarantee the performance.
Code-division multiple-access (CDMA) systems have been intensively studied in the literature, and was considered as a major player in the undergoing 3G system. In our previous study [7] , we had proposed a dynamic spreading scheme such that the mobile user can change the length of the assigned spreading code for more efficient utilization of the radio frequency. With the new dynamic spreading capability, the system can support BER sensitive data traffic even when the system load is high.
It is the task of this study to extend the dynamic spreading scheme to the multicell scenario. More specifically, we need to take mobility and handover 1 [1] - [4] into consideration. The fundamental question yet to answer is: How to integrate Soft Handoff into the dynamic spreading scheme? In the dynamic spreading enabled CDMA system, a mobile might travel across a number of cells during a call session. It is likely that these cells have different number of active in-cell connections, therefore, might assign different spreading factors, in order to maintain the BER quality. Thus, a mobile might have to change its spreading factor from time to time as it enters into a new cell. A basic requirement for handoff algorithm under this scenario is to make sure that the updating of the spreading factor in both the handovering mobile and the target base station (BS) be finished within the allowed handoff time.
We proposed a novel soft-handoff scheme to address the above problems. Our scheme uses a similar methodology as IS-95 to determine the addition and dropping of cells into the active set. The basic functionality of the proposed handoff scheme has three parts: 1) collect information of the surrounding cells and the mobile profile; 2) update the spreading factor (SF) in the active set (BSs in range) to maintain the BER level for the mobiles in these cells; and 3) decide the right spreading factor and power level for the handover mobiles.
The probability of updating the SF as the result of handoff is an important factor which describes the performance of our proposed framework. We present an analytical evaluation for update probability. The preliminary results show that mobiles with voice traffic have a relative small update probability. However, video traffic and WWW traffic have a high update probability, due to the high BER requirements.
The time components of the proposed algorithm were analyzed. We found that the handoff algorithm could consume a significant system resource and result in long handoff delay, especially when the system needs to execute a large number of updates. We, therefore, revised the handoff procedure such that handovering mobiles can be processed in batch and several update operations caused by consecutive handoff could be combined together. Numerical results show that the average handoff delay can be reduced by almost 29%. The core process executed in our proposed soft handoff scheme is to determine the right 1 We use the terms handover and handoff interchangeable in the context of this paper.
0733-8716/03$17.00 © 2003 IEEE spreading factor and the power level of the transmitting signal for the handoff mobile. The decision for SF and power level should be made such that the following conditions be satisfied: 1) the link quality of the mobile stations in the neighboring cell is not sacrificed; 2) the minimum BER requirements of the handovering mobile is not violated; and 3) the maximum data rate of the handovering mobile is achieved.
We proposed a suboptimal method (called HYB) with the goal of joint optimization for SF and power level for all mobiles in the handover area. The HYB algorithm modeled the BER constraints of all mobiles as the function of various factors, including (SF, power) pair for handoff mobile, system load of the active set, and distance from the active cells. The decision variables are (SF, power) for all handoff mobiles maximizing the throughput for handoff mobiles. Our modeling results in an nonlinear programming problem. Further investigation shows that our problem can be simplified to a linear programming problem with a slightly modification of the constraints. The reduced problem contains only half the number of decision variables and can be solved efficiently using linear programming methods. The solution of the reduced problem is then used to drive the desired SFs from the original constraints. Numerical experiments show that the HYB algorithm outperforms a greedy strategy (we called it MaD algorithm) significantly. The BER of the mobiles is preserved during the whole handoff period, meanwhile the interference to the surrounding cell is controlled. The throughput of the HYB scheme for WWW traffic is 25% higher compared with the conservative strategy. A 26% increase for video traffic was also observed.
II. BACKGROUND AND RELATED STUDY
Traditional handoff algorithm is based on the voice-only network, carrying homogeneous traffic. The major performance focuses of these algorithms are to guarantee the connectivity of live calls and to keep the failure rate as small as possible. Therefore, some important metrics and criteria used include received signal strength (RSS), signal-to-interference ratio (SIR), distance, traffic load, etc. With different handoff decision schemes, the corresponding handoff probability could be analyzed [13] . A general survey of handoff protocol was presented in [2] and [6] .
The CDMA system supports a unique handoff scheme-soft handoff [1] , [4] , [12] . Soft handoff allows more than one BS communicating with the mobile station during the handover process, thus there is no break period when the mobile moves to another cell. It had been shown that soft handoff can reduce the transmission power of the mobile and increase the system capacity [1] , [3] .
Due to the shortage of radio resources, it is essential to make the best use of the system resource and support multiple users and multimedia traffic. Resource allocation for the CDMA system and call admission control (CAC), in general, had been discussed in many works [5] , [10] , [11] . In [5] , a distributed call admission scheme with the consideration of neighboring cells is reported. The movement of mobiles, as well as the system load in nearby cells is used to make the admission decision.
In [10] , a forward link power control scheme was discussed in a two-cell CDMA network supporting different QoS requirements. The scheme is optimized in the sense of minimizing BS transmitting power and maximizing system throughput. However, the study is based on the assumption of fixed spreading factor and did not address the resource assignment for the reverse link.
Lee [11] presented an optimum power assignment for mobiles supporting different QoS requirements. They formulated the admission problem by a set of inequality of desired SIR for all the active mobiles and provided a method to drive a feasible solution. However, in this study, the processing gain is fixed to a predefined value for each traffic type, thus the admissible region will be strictly limited.
However, only a few works had been done to optimize the performance of handoff mobiles by reallocating the radio resources. Furthermore, the effects of dynamically changing the spreading factor have not been reported by these studies. Our study is the first of the few attempts taking the dynamic spreading factor into the handoff algorithm. We also addressed the resource allocation during the handoff period as a joint optimization for both the spreading factor and the mobile power control. To the best of our knowledge, this approach has not been reported in literature.
The rest of this paper is organized as follows. Section III discusses our proposed dynamic spreading soft handoff scheme and the system response time. Section IV presents a baseline algorithm using a greedy strategy in deciding the spreading factor. In Section V, we show how an closer estimation of the mobile/cell condition can provide high throughput, while preserving the low interference level. Section VI concludes our work.
III. FRAMEWORK OF SOFT HANDOFF ALGORITHM WITH DYNAMIC SPREADING
Our proposed handoff algorithm is based on the traditional soft handoff algorithm. The mobile station, when moving around in the multicell environment, could be either in handoff state or non-handoff state. When in the nonhandoff state, the mobile is solely controlled by the resident cell, which is described in [7] . The mobile entered into handoff state when the active set of this particular mobile contain more than one cell site. The maintenance of active set is similar as the one used in IS-95, where the relative pilot signals of surrounding cells are reported by the mobile and a decision of adding/dropping/ignoring of cells into/from the active set is conducted. Fig. 1 shows the state diagram of the handoff procedure that is executed in the BS side. The logic of the mobile station is relatively simple, and is not further elaborated here. Notice that the need to send its forward walsh code to the mobile so the mobile can decode the signal from the new BS.
It can be observed that there are three parties participating during the handoff period. The role of the mobile station in the handoff processing is similar to that of the existing soft handoff procedure. The mobile is responsible for pilot signal measuring and comparing the detected pilot signals with an adding threshold and a dropping threshold (the signal is filtered to eliminate the random variation caused by fast fading). The mobile then reports any change of signal strength to the BS in a fixed time interval. The current serving BS, will update the active set of the mobile and decide whether or not the mobile should be in the handoff period. Once in the handoff state, the current BS will gather all necessary information and decide a spreading factor for the handovering mobile.
However, the handoff algorithm should also guarantee that the target cell (and other nearby cells) can still operate with performance guarantee. In fact, the handovering mobile station is usually relatively close to the BSs in the active set, so their signal is strong enough to become dominant interference if not being carefully controlled. Thus, it is the duty of the handoff algorithm to maintain the desired BER in the target cell all the time, e.g., an update in the target cell should be taken immediately. The need of updating the spreading factors in target cell during the handoff procedure could prolong the total handoff time. This makes the time factor more important than in the traditional system, where handoff can be finished within a matter of 100 ms. In the case of heavy handoff traffic, efficient handoff processing becomes nontrivial since the target cell might have to trigger update procedures several times in a limited time period.
The performance goals of the handoff algorithm with dynamic spreading factor are summarized as follows.
1) All handoff requests should be processed within a given time period, such that the mobile can smoothly migrate to the other cell. 2) The algorithm should be able to handle stress handoff requests, which is important when the system in under heavy load.
3) The handoff algorithm should seek the highest throughput while maintaining the BER performance of the handoff mobile during the handoff period. The performance of the active cells must not be jeopardized. The BER performance of these cells also cannot be violated at anytime.
A. Stationary System Behavior
Basically, the handoff algorithm need to decide: 1) whether or not the relevant active set should perform an update process and 2) whether or not the handovering mobile should change its spreading factor. In order to study the stationary update behavior, we define the mobile state by the spreading factor it is using. The possible values of the spreading factor is limited to . For a mobile to transit to a new state, certain transition conditions must be satisfied. Specifically, a transition occurs when the target SF is different from the current one. Thus, the driving events of the state transition is the change in the number of active mobiles in the target cell. The transition condition can be derived from the admission criteria for a particular traffic type. For instance, we can use [7, Fig. 4 ] to obtain the situation when a updating of SF will occur. Let represent the probability for mobile in state . The probability of update for the handoff mobile can be expressed by Here, the subscripts indicate the update in the mobile unit, and the superscript represents voice traffic. We will use subscripts to represent the update in the target cell. can now be calculated from the probability for each state of the voice traffic. Assume the system load in the target cell is uniformly distributed in the admissible range, we can use the frequency of the th SF as the approximation of . The relationship between the SF and the system load for different traffic types can be derived from the BER-SF-SystemLoad curve as showed in [7] . Due to the limitation of space, we will not discuss the detailed procedure of this process. Following discussion assumes that a particular correspondence between SF and system load is already obtained. For example, assume the maximum voice connection is fixed to 87, the SF update policy will use for voice traffic when the system load is from 11 to 20. This indicates of the 87 possible cell load situations result in . Similarly, the frequencies for other mobile state can be obtained. The approximated probability for spreading factors (SF16, SF32, SF64, SF96, SF128, SF160, SF192, SF224, SF256) are (0.115, 0.126, 0.23, 0.068, 0.046, 0, 0, 0, 0), respectively. The corresponding probability of update for voice mobile is, thus, . We can drive the probabilities of update for video and WWW traffic similarly. The probabilities of update for video and WWW traffic are and . The probability of update in the target cell can be decided from the update policy too. A cell load is referred as an unstable point if one of the traffic types needs to update to a new SF when the system load become . We found that there are 18 unstable points among the 87 possible cell load, thus the probability of update in target cell is ( ) 0.21. Now, we can derive the probabilities for the four situations based on the updating decisions for the mobile and target cell: Substituting the updating-probability for handoff mobile and target cell , and into (1)- (4), we have:
, , , and . The above results show that 63% of the time there will be an update for the handoff mobile and unchanged in the target cell. The probability of no updating in both sides is only 0.16. This indicates that our proposed handoff scheme could lead to considerable amount of updates if handoff occurred. In the following discussion, the handoff timing is analyzed for dynamic system behavior.
B. Handoff Time Analysis
The handoff processing time is defined as the total time between a mobile entering into handoff state and the user become ready to communicate with the active set. We can formulate this by , where is the time to exchange information among the active set. This includes three parts: the link parameter of the handovering mobile needs to be sent to the new member in the active set , the system load information of each cell should be sent to the master cell , and a time delay for the target cell to acquire the handoff mobile . and are mainly caused by the communication delay between the master cell and the other cells in the active set. We use a round trip delay of 10 ms as an reference value (this is usually observed between two hosts in the same wired network). can be approximated by the soft handoff time in the traditional CDMA system, which includes the time for user detection, resource allocation and etc. A practical upper bound of is in 40 ms range.
is the time to evaluate the impact to the target cell caused by the handoff mobile. During this time period, it must be decided whether or not an update in the target cell should be performed. If so, the updating must be completed before proceeding further. The duration of this part depends on the number of active users in the target cell and how many of these need to be updated. 2 As showed in [7] , this part could be further divided into processing time to evaluate the BER for the target cell, and the updating time. Table I illustrates the increasing of as the number of existing mobile users grows. Each column of the table represents a point when a change of the spreading factor is necessary compared with the previous column. For instance, assume the target cell has two video users and one WWW user already. When a new mobile arrived, it will take 9 ms for searching time, and require two update operation for the two video users (corresponding to 20 ms). Overall, we have ms. This case corresponds to the column with four total users.
Finally, is the time to choose the new spreading factor and signal power for the handoff mobile, and the update time of the handoff mobile if needed. This procedure needs to be reexecuted after a period of time such that the spreading factor and power level of the handoff mobile can be adjacent according to the mobile location. It is our concern that the handoff process described in Fig. 1 will have efficiency problems, due to the fact that it processes handoff requests in a sequential manner. The numerical results of the overall handoff time corresponding to different handoff rates are plotted in Fig. 2(a) . At moderate handoff rate ( ), the handoff time is well controlled. The BS spent about 100 ms for each handoff mobile when there was no update in the target cell. When there is update in the target cell, we observed significant increase of processing time, represented by the spurs. However, for a high handoff rate ( ), the overall processing time starts to build up for the late arrivals. The slope of the peaks of the response time increase steadily after 36 users. The highest processing time (1800 ms) was required when there are 87 mobiles already in queue. To reduce the processing time of the handoff procedure, one immediate improvement is to allow the handoff algorithm to handle multiple handoff requests each time. Our proposed batching algorithm is invoked by a timer, or the event of new handoff requests, whichever comes first. One design parameter of the batching scheme is how to choose the right value for time-out for the timer, or batching period. A small batching period might not help much in case of heavy handoff traffic. On the other hand, a large batching period will increase the handoff delay in general. Due to the space limitation, we will discuss this issue in our future publications. The batching period used here is set to 10 ms, which is the same frequency of SNR reported from the mobile stations.
The performance of the improved scheme is plotted in Fig. 2(b) . The system response time for the small handoff traffic is not changed. At , the processing time at update points reduced significantly, mostly concentrated between 600-800 ms. The maximum BER is 1090 ms, which is 60% of the original one. Furthermore, the build up of the waiting time is eliminated. 
IV. DETERMINE SPREADING FACTOR FOR HANDOFF MOBILE
A. Design Factor
For the mobiles in the handoff area, the system should decide two critical parameters dynamically-spreading factor and transmitting signal strength. Since the determination of the spreading factor should be based on the BER performance, we need to consider all the different radio links among the mobile and the active set.
We first consider a simple decision scheme, where the decision of the SF and the power level is separated. The SF is decided using a greedy method, called Maximize-Data-rate (MaD) scheme, which always choose the shortest possible SF that can be supported in the active cells. The MaD can be implemented by performing the admission control algorithm in the single cell situation for each of the active cell. However, this could result in a degradation of the link quality. If the BS advertising the short SF code is under deep fading, the reverse link will suffer in great deal, since the other BSs presumedly cannot guarantee the desired BER with a short SF. Another extreme case takes the opposite choice: it always selects the longest spreading factor. This certainly can guarantee BER quality in most of cases, however, the radio efficiency is decreased in this rather conservative scheme.
We examine the performance of the MaD scheme coupled with two different power controls: 1) the traditional OR-ON-DOWN algorithm and 2) follow the power control command of the master cell. We find that none of the two examined power control methods can provide good performance in all cases. The former one fails the BER requirements of handoff mobile, and the later one causes too much interference to other cells. The problem is solved in Section V, where we propose an optimized approach based on a more precise estimation of BER, where the SF and power level of mobile is driven from a constrained inequality array specifying our BER model in the handoff area. The simulation results show that the optimal scheme can provide the good throughput while satisfying necessary BER requirements for the other parties.
B. Performance of OR-ON-DOWN Power Control
The OR-ON-DOWN scheme is a close-loop power control used in IS-95. The BSs in the control set can issue a power control command to the mobile based on the received signal strength. The power command is a 1-bit information embedded in the forward channel every 1.25 ms. An "UP" command means that the mobile should increase its transmission power by a fixed step and a "DOWN" command means to do the opposite.
As described in numerous research literature, this power control method requires only one vote to decrease the mobile transmission power, while all positive votes are required to increase. This method is proven successful for the voice only traffic where a fixed SF scheme is used. However, with the dynamic spreading factor enabled system, the mobile might not be able to communicate with all cells in the active set well, particularly with the high loaded cell. For instance, assume a mobile handoffs from a with load of 10 (desired ) toward with load of 20 (desired ), the SF assignment algorithm described above will take as the main path, thus choose a short spreading factor of 32. Now if issues a "DOWN" command to the mobile (since the mobile is moving toward and finds that the signal is becoming too strong), the mobile will follow the command as required by the "OR-ON-DOWN" rule. This will in turn reduce the received signal strength in , thus may increase the link BER. For the reverse link between the handovering mobile and , the BER is also high since the assigned spreading factor of 64 is only good for and not long enough in the heavy loaded . Therefore, the overall link quality will be below the expected since neither link can provide good performance.
Using the above example, Fig. 3 illustrated the BER of handoff mobile in the handoff area. The target BER is set to 2% for voice conversation. Fig. 3(a) shows a scenario when the mobile moving from a light loaded system ( ) to a higher loaded system ( ). The top figure shows the result when mobile moves in the reverse direction.
In the case of forward movement ( ), the mobile can maintain an acceptable BER of 0.008 in the range of 800-1000 m. After passing the midpoint between and , which is at the distance of 1000 m, the BER increases rapidly. At around the 1040 m point, it exceeds the 0.02 threshold and continually increases. Then, the mobile is solely controlled by and uses a new spreading factor of 64, and the BER drops to 0.01, an acceptable level.
When the mobile moves from to , we observed the opposite behavior of BER. At range 800 m, when the mobile enters the handoff area, there is a sudden increase of BER. At that point, the spreading factor is adjusted to 32, according to our greedy algorithm. Meanwhile, the OR-ON-DOWN power control will limit the signal power such that , which is closer to the mobile, receives the necessary strong signal. Thought the received signal level is maintained in , the change of SF from 64 to 32 significantly increases the BER in the . As to the , which is received weaker than expected signal, due to the "DOWN" power command issued to the mobile from , also cannot provide the expected link quality. Overall, the BER in this period exceed the allowed value.
C. Main Path Power Control
A lesson from the OR-ON-DOWN scheme indicates that the signal of at least one radio link should be strong enough to provide the required BER. We denote the radio channel between mobile and the cell allowing the shortest spreading factor as the main path. To guarantee that the main path is good through the handoff period, we let the cell in the main path carry out the power control. The same close-loop control is performed by issuing 1-bit power commands. The BER performance of this method is plotted in Fig. 4(a) . We only showed the BER observations for , 64, and 92. The system setting is the same as in the example of the previous section.
The simulation result shows that the required BER for the mobile is satisfied through the handoff period. We particularly noticed that the BER decreases considerably at half of the handoff area close to . The lowest BER of 0.000 01 is observed around the right edge of the handoff region. Then, the mobile change to and is controlled by . The BER also rebounded back to 0.01 level. The low BER during the handoff area is caused by two factors: 1) during the handoff period, the mobile's link with is the main path, this along guarantees that the BER observed in is not higher than 0.008, 2) as the mobile moves away from (toward ), the distance from is increasing, which demands the increase of transmitting power in the mobile. Meanwhile, the distance to is reducing, together with the increasing of the transmitting signal level, the received signal at increases in a very rapid manner [received signal is times expected]. The high received signal strength in provides a compensation for the high interference in , and results in a even better link quality at . To further verify the effect of the main path method, we showed the strength of the received signal at in Fig. 4(b) . As can be observed, the lobe of the signal strength increases polynomially, with random variation caused by fast fading. At the end of handoff area (around 400 m), the received signal is 32 times higher than the normal level.
However, the strong signal of the handoff mobile also contribute to the interference level for other users in . The BER level of the voice users (using ) in increase rapidly as the handoff mobile's approaching the target cell. The bottom-line BER (0.02) is violated after 1100 m and the highest error rate is 0.37 before the end of the handoff period.
V. PERFORMANCE OPTIMIZATION IN HANDOFF PERIOD
To optimize the performance in the handoff area, we proposed an open loop spreading factor and power control algorithm based on an accurate estimation of the link BER for both the handovering mobile and the cells in the active set. The algorithm explicitly calculates the desired SF and transmitting power level for all handoff mobiles. To better understand our algorithm, we shall discuss how the BER is estimated, and by which means it is related to our target parameters of SF and signal power. Our modeling of BER for the handoff mobile and active set results in a serial of inequality that imposes constraints on the possible values for SF and power level.
A. BER Model in Handoff Area
The approximate of the channel BER can be expressed as a function of (SIR, or energy-per-bit-to-interference ratio). Let be the SIR of the th handoff mobile at the th cell, we have (5) (6) (7) where is the received signal power at cell for mobile , and is the spreading factor of th mobile. is the system load of cell . represents the factor for other cell [1] , and is the set of active cells. In estimating the interference from other cells ( ), we use the average number of mobile users in the surrounding cells as the mobile density (number of mobiles/cell). However, the interference caused by the handoff mobiles needs to be considered as a separate source from the general other-cell-interference term, since they might transmit stronger signal than expected (as showed in Section IV).
The received signal strength is modeled by a path loss model: , where is the mobile's transmitting power, is the distance between the mobile and base station, ( 3.5) is the path loss order, and is the zero mean random power fluctuation. We also assume that the nonhandoff mobile is under perfect power control of its resident cell, with a normalized received power level of 1. 3 Using the diversity decoding for uplink channel, the best link among the active set is chosen for the th handoff mobile. Let be the active set of th mobile, we have . Substituting (6) and (7) into (5), the SIR for the th handoff mobile can be expressed as (8) The SIR for the in-cell mobiles in each active set could be similarly obtained. Note that the interference from all the handoff mobiles is now regarded as noise, and the regular in-cell mobile users have an unit received signal strength. For traffic type in the th active cell with spreading factor , the SIR is approximated by (9) 3 In practice, the received power of different traffic are not uniformly assigned, thus they cause a different level of interference.
With both BER requirements for the handoff mobile and in-cell mobile [(8) and (9)] satisfied, we should choose the SFs such that the maximum throughput is obtained. Since the data rate is inversely proportional to the SF, the overall throughput is the sum of for all handoff mobiles. Here, is the chip rate of the system (5 Mc/s for WCDMA). Let denote the set of handoff mobiles at any time, the optimal SF/power assignments for the handoff mobile can be obtained by solving the following problem:
(10) (11) and traffic type set (12)
B. Simplification of the Original Problem
The nonlinear optimization problem described by (10)- (12) certainly could be solved by many well-known methods (Newton's method, gradient algorithm, etc.). However, these methods may not be efficient enough, especially when the number of variables to be optimized is large. Therefore, it is our interest to find an efficient algorithm to deliver suboptimal results.
We start with series of simplifications of the original problem, such that the problem is tractable. The first step is to eliminate the minimizing operation in (8) . For each handoff mobile with given and , the minimum SIR path is where the shortest distance and lowest load is, according to (8) . However, the two factors ( and ) may conflict with each other, in that the closest cell might not be the one with the least number of in-cell traffic. We, therefore, define a variable to determine the main path for mobile . Thus, (8) can be simplified by the following rule: (13) After neglecting the random fluctuations of path loss and rearranging (11), the SIR constraints for the handoff mobile become (14) To further simplify (14), it is noticed that is nonnegative, thus Therefore, (14) is replaced by a strong condition .
Removing the random variable and rearrange the expression 4 in (12), the simplified problem now becomes
It can be easily seen that the above constraints are feasible only if for each active cell . Any positive power vector satisfying (17) can be used to drive a corresponding from (16), since given a positive , we can select a big enough to be greater than the right hand of constraints in (16).
It is time now to rewrite the objective function in a linear expression. Our basic strategy is to replace the term in (15) by a linear combination of . We noticed that the first order partial derivative of the objective function is always negative ( ), which means that the optimal must be in the boundary defined by the constraints. Once the constraints and the objective function are transformed into linear format, we can use a linear programming method to solve the problem.
For the sake of convenience, we define 
Equation (21) is a perfect linear programming problem and can be solved by the popular simplex method. After the optimal power vector is obtained, we can drive the corresponding from (16) by equalizing the inequality. With (21), it is easily seen that the handoff request should be denied if searching for an feasible solution failed, which means that the new mobile can not be supported without violating the BER requirements of other mobiles.
Unfortunately, the optimal solution for (21) only provides an upper bound for the problem described in (10)- (12) and sometimes can not be reached. The optimal power vector for the linear programming problem in (21) could contain zeros for some ; this is very common in the case that the number of constraints is less than the number of decision variables. However, according to the constraints in (16), must be greater than a positive value, which is impossible if . Thus, some additional steps must be taken in such cases. In the next section, we will discuss the heuristic algorithm that seeks the suboptimal solution of for all the handoff mobiles.
C. Proposed Suboptimal SF/POWER Decision Algorithm
From the previous discussion, we know that the optimal solution for linear programming problem (21) might not results in a feasible solution for the original problem due to the possible zero-value power assignment. Furthermore, the allowed SF in reality can only be taken from a limited set of positive integer. This necessitates a post-processing to convert the optimal vector to a feasible solution. For example, if the spreading factor has a value of 35.5, we should "round" it up to the nearest integer value that is in the feasible solution space. Besides this, due to the background noise, we must also make sure that the SIR be greater than a threshold, say 10 15 dB. These considerations lead us to a hybrid algorithm which utilizes the linear programming methods and additional constraints reevaluation from the original problem. The algorithm is named HYB.
Given the input of the original problem in (10)-(12) and the reduced linear programming problem in (21), the algorithm must go through a series of steps. First, we will find the optimal power vector for problem (21), using a standard simplex method. This is followed by a check to see if there are any in the solution vector equal to zero or the respective SNR is below the threshold.
If the above condition is not satisfied, we can move ahead to obtain a corresponding using (16). The resultant is usually a noninteger positive value, which will be further processed to result in a larger in the feasible space. The new vector of is substituted in to (16) again, and results in a new vector. The new vector is less than the first power vector we obtained for (21), since we are actually using a larger . At this stage, we have all the decision variables needed and the algorithm is terminated.
Otherwise, a transform should be done which will further simplify the linear problem in (21). We then fix the problematic decision variables to the minimal power level and replace them back into (21). This will generate a new linear programming problem with reduced number of decision variables. The revised problem will be processed again using the simplex method, and the same check process will be applied to the new optimal vector. It can be see that the algorithm will eventually terminate and the maximum loop time will be less than the number of handoff mobiles. 
D. Numerical Results and Performance Discussion
To evaluate the performance of HYB algorithm, we examined handoff scenarios with different traffic. Our numerical experiments assume a two cell handoff situation, where the handoff traffic is from the original cell ( ) to the target cell ( ). and have 5 and 10 in-cell mobiles kept active all the time, respectively. We assume at least one mobile for each traffic type exist in each cell, thus the sum of the transmission power of handoff traffic is most strictly limited. The handoff traffic contain ten mobiles, distributed in the 450-m handover area with equal distance. The performance results to be examined have four parts: 1) overall throughput for handoff mobile; 2) the assignment of SF; 3) the power assignments; and 4) the BER in each handoff mobile. To investigate the relevance of the performance with the location of handoff mobiles, we studied the results for different location offset of the handoff mobiles. A location configuration of offset10 means that the first handoff mobile is 10 m from the leftmost point of handoff area, and the next mobile will be 50 m to the right, so on and so forth. In our experiments, up to 50 different offset configurations are studied.
In the first case of our experiments, all handoff mobiles carry WWW traffic. The numerical results are shown in Fig. 5(a) and (c). In the SF assignment for the offset0, all handoff mobiles are assigned except for the 8th mobile, which is assigned . For the handoff mobile with higher SF value, the corresponding power level is low (in the range of 1-3). The eighth mobile has a power level of 11, which compensates the potential high BER when using such a small SF. The other location configurations show similar results, except that the first mobile is assigned a spreading factor between 32 and 256. The BER of the handoff mobile is satisfied in all mobile locations within the handoff area. Most of the BER concentrate on the range between 0.000 01 to 0.000 045, where the worst BER is observed at the eighth mobile. The close-to-desired BER performance shows that the system resources are shared equally. The overall throughput in the handoff area is maintained from 380 to 400 kb/s. This is about 20% increase compared with the case without HYB algorithm, where the SF of each handoff mobile is fixed to 160, resulting in a throughput of 312 kb/s.
The second experiment was performed for all video handoff traffic. We observed that the first and the eighth handoff mobiles are assigned small spreading factors. Other mobiles still use the largest SF ( 256). This corresponds to the two peak power level in the power assignment. For instance, the offset0 configuration have a SF assignment of (32, 256, 256, 256, 256, 256, 256, 32, 256, 256) , and the power vector of (6.4, 1, 1.3, 1.4, 1.5, 1.4, 1.5,  15.2, 2.4, 2) .
The BER level of the handoff mobiles are also controlled below the maximum allowed value. The highest BER is also reached at the eighth mobile, with . The lowest BER is 0.0001. The throughput for video traffic can vary from 600 kb/s to 950 kb/s, depending on the location of handoff mobiles. Without the HYB algorithm, the handoff algorithm has to use a more conservative strategy to choose the SF by considering them as in-cell traffic in the target cell. This will result in a SF of 112 for all handoff mobiles, corresponding to a throughput of 446.4 kb/s. Thus, even the worst case of HYB can benefit from a 26% performance gain.
VI. CONCLUSION
In this paper, we discussed a handoff algorithm in dynamic spreading CDMA system. It is critical that multimedia traffics be supported with quality guarantee in mobile environments. Our scheme addressed how this can be done when the mobile handover to a new cell where the mobile and the target cell might need to change to a new spreading factor. The probability of updating during handoff is analyzed and our results shows that the probability is considerably high. We further studied the handoff time and found that the update process in the dynamic spreading might result in a rather long processing time. The scheme is, thus, revised to accommodate the batch processing such that the overall delay is reduced, as well as the number of updates.
